SUMMARY Studies comparing relative organ weight (per gram of body weight) in spontaneously hypertensive rats (SHR) and their normotensive controls, VVLstar-Kyoto rats (WKY), have shown that the heart and kidney of SHR are enlarged at birth. In addition, higher DNA concentrations in these organs provide evidence of cardiac and renal cellular hyperplasia in newborn SHR. The rate of DNA synthesis was estimated with [methyl-3 H]thymidine labeling in vivo for heart, kidney, liver, adrenals, and aorta of newborn WKY and SHR, and significantly higher relative organ weights, protein levels, and DNA contents were observed only for heart and kidney from SHR. In contrast, relative weight was significantly lower for liver from SHR and the same for adrenals from WKY and SHR despite lower adrenal protein and DNA contents for SHR. Relative weight and protein content of aorta were higher in SHR, possibly indicating hypertrophy of this organ. Several differences in [methyl-3 H]thymidine labeling were observed in organs from SHR. Significantly higher organ accumulation (cpm/mg organ weight) was observed for heart from SHR (p<0.01), and higher incorporation into DNA (cpm/cpm) was observed for kidney and liver from SHR (p<0.001). Most significant was the finding of higher DNA specific activity for heart ( + 33%; p<0.05) and kidney ( + 39%; p < 0.001) from SHR. These data provide evidence of enhanced DNA synthesis in the heart and kidney of newborn SHR. (Hypertension 8: 520-525, 1986) KEY WORDS • hyperplasia • heart • spontaneously hypertensive rats * neonates • DNA synthesis • kidney • [methyl-3 H]thymidine T HE importance of cardiac hypertrophy associated with a genetic predisposition for hypertension is a controversial issue. Much of our knowledge concerning the development of cardiac enlargement has been limited to experimental procedures producing conditions of volume or pressure overload in adult genetically normotensive mammals. From these studies, it has generally been concluded that the "adaptive" or secondary response of the heart to the induced pathological condition is an increase of myocardial mass due primarily to growth of preexisting muscle cells (hypertrophy) and nonmuscle cell proliferation (hyperplasia).
T HE importance of cardiac hypertrophy associated with a genetic predisposition for hypertension is a controversial issue. Much of our knowledge concerning the development of cardiac enlargement has been limited to experimental procedures producing conditions of volume or pressure overload in adult genetically normotensive mammals. From these studies, it has generally been concluded that the "adaptive" or secondary response of the heart to the induced pathological condition is an increase of myocardial mass due primarily to growth of preexisting muscle cells (hypertrophy) and nonmuscle cell proliferation (hyperplasia). 1 Although these studies provide valuable information concerning the ability of the heart to undergo adaptive changes, they do not establish the association between cardiac hypertrophy and hypertension in a genetically determined disease.
The Okamoto and Aoki strain of spontaneously hypertensive rats (SHR) provides an excellent research model for studying the development of genetically determined hypertension. 2 The cardiac hypertrophy observed in SHR has been suggested as a cause of the disease, since it is observable at birth. 3 " 6 The appearance of cardiac hypertrophy so early in the hypertensive process may reflect an intrinsic abnormality in the heart of SHR that is not caused by pressure overload.
Cutilletta et al. 3 have reported higher right and left ventricular weights and more DNA per gram of tissue in newborn and 2-week-old SHR than in their normotensive controls, Wistar-Kyoto rats (WKY). They suggested that the higher DNA content may reflect hyperplasia of cardiac myocytes in SHR. Support for this hypothesis has come from our own laboratory, where recent studies 5 have shown higher total and relative weights, along with significantly higher protein and DNA contents, of the heart and kidney in newborn SHR. These organs were heavier than those in WKY despite lower total body and liver weights. To determine whether the greater weight is the result of hyper-plasia, in the present study we compared the rate of DNA synthesis in the heart, kidney, liver, adrenals, and aorta of newborn WKY and SHR, using tritiated thymidine labeling in vivo.
Materials and Methods
The SHR and WKY used for breeding in this study were obtained from Charles River Canada (St.-Constant, Quebec, Canada). Systolic blood pressure and heart rate were measured by the tail cuff method. Three readings were taken for each animal during the 2 weeks before breeding.
Newborn rats (<24 hours old) were weighed and injected with [mefhyl-
3 H]thymidine (0.66 piCi/g i.p.; specific activity, 20 Ci/mmol; New England Nuclear, Lachine, Quebec, Canada). Animals were maintained at 30 °C for 6 hours after the injection and then decapitated; hearts, kidneys, livers, adrenal glands, and aortas were removed. Right and left kidneys were combined, as were adrenal glands, and results were expressed as a single value per animal. The tissues were immediately frozen in liquid nitrogen, weighed, and stored at -70°C until assay.
The tissues were homogenized in 1 ml of distilled water with a Van-Mix II-M (Caulk Co., Toronto, Ontario, Canada) three times for 10 seconds each, at high speed. Aliquots of homogeriate were taken for estimations of protein 7 and DNA 8 content. A 100-/nl aliquot of homogenate was placed in a scintillation vial containing 10 ml of scintillation fluid for determination of tritium content (Beckman LS-230 liquid scintillation counter, Fullerton, CA, USA). In addition, a 100-pil aliquot of DNA extract, prepared from homogenate by acid precipitation with 0.5 N perchloric acid and hydrolysis by heating for 20 minutes at 100°C, was counted for [methyl-3 H]thymidine incorporation into DNA. For determinations with aorta and adrenals, it was necessary to pool three to four organs per assay. All data presented for these organs have been adjusted to express values per organ. From values of total organ tritium activity ( 3 H-total) and incorporation of [mefhyl- 3 H]thymidine into DNA ( 3 H-DNA) several parameters were calculated for all organs from WKY and SHR. The following equations were used for these calculations: 1) accumulation = 3 H-total/organ weight (cpm/mg); 2) incorporation into DNA = ( 3 H-DNA/ 3 H-total) x 100 (%); 3) specific activity of DNA = 3 H-DNA/total organ DNA (cpm//Ag).
Data are presented as means with standard errors. Statistical comparisons were made by unpaired Student's t test. The number of newborns studied was 40 WKY and 34 SHR. Table 1 shows mean systolic blood pressure, pulse rate, and body weight for parent rats. Systolic blood pressure was significantly higher, and pulse rate slightly faster, in the parent SHR than in the parent WKY.
Results
At birth, the SHR were heavier than the WKY (5.2 ± 0.4 vs 4.2 ± 0.4 g; p<0.001). The observed higher body weight in SHR was not associated with any significant differences in litter size (9.3 ± 0.6 vs 8.0 ± 0.9 pups/litter). Total organ weights in SHR for all organs studied were significantly greater than in WKY (Table 2) . Relative organ weight (mg/g body weight), however, was significantly higher only for heart and kidney of SHR (17% and 24% higher, respectively, /?<0.001; Figure 1 ). In contrast, relative liver weight in SHR was significantly lower than in WKY ( -8 % ) . Relative weights of adrenal glands were similar in both groups, and although relative aorta weights were higher for SHR, differences did not reach statistical significance. The higher total weight observed for all organs from SHR was also reflected by significantly higher total organ protein content, with the exception of adrenals (Table 3) . Relative protein content, however, was significantly higher only in heart ( + 44%) and kidney ( + 22%) from SHR. This finding is consistent with the significantly higher relative organ weight in SHR, again observed only for heart and kidney. Protein content per milligram of organ weight was significantly higher for heart from SHR but was not significantly different for other organs.
Higher total organ DNA content in SHR was observed for heart, kidney, liver, and perhaps aorta (Table 4). Higher relative DNA content was observed for kidney ( + 37%, p< 0.001) and heart (+17%) from SHR. Relative DNA content for adrenals from SHR was significantly lower than that for WKY but was not significantly different for aorta from SHR and WKY. The DNA content per milligram of organ weight was significantly higher for liver from SHR but was not significantly different for other organs.
Total organ tritium content and incorporation of [methyl-3 H]thymidine into DNA reflected organ size and was highest in liver, followed (in descending order) by kidney, heart, and adrenals and aorta in SHR and WKY (Table 5 ). The percentage of the injected tritium label present in organ homogenate and in DNA extract was higher for all organs from SHR except liver. Total organ tritium accumulation, incorporation into DNA, and specific activity of DNA for all organs are shown in Table 6 . Significantly higher organ accumulation was observed in SHR only for the heart (34% greater than that in WKY). Incorporation into DNA was significantly higher for kidney ( + 24%) and liver ( + 55%) from SHR; however, specific activity of DNA was significantly elevated only in heart ( + 33%) and kidney ( + 39%) from SHR.
Discussion
Cardiomegaly in newborn SHR has been reported by several investigators. 3 " 6 This abnormality is present whether the body weight of newborn SHR is similar to, 3 4 lower than, 5 or higher than (present study) that of control WKY. Our finding of similar litter size for WKY and SHR eliminates the possibility that SHR organs are larger merely because of smaller litters. This is important to note in view of studies showing that neonatal rats reared in groups of progressively fewer pups have a higher rate of ventricular muscle cell division.
9 -l0 Our data also include values from newborns taken for assay before sucking, thus eliminating any effect of quantity of milk intake on growth rate.
The higher total weight observed for all organs from SHR studied reflects in part the higher body weight of the newboms in the present study. It is the determination of organ to body weight ratio, however, that clearly shows the excessive growth only in heart and kidney from SHR. The significantly higher relative protein content, again observed only for heart and kidney from SHR, also reflects organ enlargement. This abnormality is not a result of higher tissue water content since protein per milligram of organ weight for heart and kidney from SHR was higher or similar to that for WKY. These findings, in addition to the elevated relative DNA content observed for heart and kidney from SHR, are consistent with our previous studies 3 and confirm the presence of hyperplasia in heart and kidney of newborn SHR. An increase in DNA per cell was not indicated since DNA per milligram of organ weight was similar in heart and kidney of WKY and SHR.
Total organ tritium accumulation, incorporation into DNA, and specific activity of DNA provided evidence of several differences in organs of SHR. In an in vivo study of this nature, many factors other than rate of DNA synthesis will influence these parameters. Such factors include the availability of labeled thymidine for DNA synthesis, which will depend on distribution of blood vessels, rate of blood flow, and permeability of cell membranes. In addition, the incorporation of thymidine into DNA proceeds by a sequence of phosphorylation steps followed by its assembly along with other nucleoside triphosphates into DNA. Therefore, the activity of the enzymes involved in DNA biosynthesis (i.e., thymidine kinase, thymidylate kinases, DNA polymerases) and the presence of factors required for enzyme activity (adenosine 5'-triphosphate [ATP], Mg +2 ) and thymidine degradation (thymidine phosphorylase) will greatly affect incorporation. Many cellular defects in SHR have already been described, such Values are means ± SE. *p < 0.01, tp < 0.001, $p < 0.05, compared with values in WKY. VOL 8, No 6, JUNE 1986 as cell membrane permeability to monovalent ions," Ca +2 uptake and binding and Ca
+2
-ATPase activity in monocytes, 12 l3 cyclic nucleotide and adenylate cyclase systems, 14 -" and calmodulin levels. 16 Our demonstration of significantly higher specific activity of DNA derived from [methyl-3 H]thymidine for heart and kidney from SHR is consistent with, but does not prove, our hypothesis of enhanced cellular proliferation in these organs. This is also evident from significantly higher values of incorporation into DNA in kidney of SHR. Our inability to detect a higher incorporation in heart from SHR may be due to the altered total tritium accumulation for this organ. The higher total organ tritium activity in heart from SHR may be masking the increase in incorporation. Autoradiographic studies will be necessary to determine which cellular components of heart and kidney are responsible for the increase in thymidine incorporation in SHR. Since increases in DNA content and specific activity may reflect an altered cellular ploidy in SHR, we are presently analyzing DNA distributions using flow cytometry. Our pilot data with freshly dissociated cardiocytes from newborn WKY and SHR has shown that 61%, 30%, and 9% of these cells were in G(/G,, S, and Gj/M phase, respectively. There was no significant difference in this distribution between WKY and SHR (S.V. Walter, S.C. Pang, M. Dufour, J. Latreille, and P. Hamet, unpublished data, 1985) . This finding is also compatible with the similar DNA content per milligram of heart weight observed for SHR and WKY in the present study.
Assays for aorta and adrenals were difficult because of the organ size, but we were able to observe some differences for SHR. Protein and DNA contents for adrenals from SHR were lower than those from WKY despite similar relative organ weights. The possibility of increased fat in adrenals from SHR, which may be responsible for this discrepancy, should be investigated. Our finding of similar thymidineTspecific activities for adrenals from WKY and SHR is consistent with results from histoautoradiographic studies showing similar labeling indexes for adrenal medullas of 20-day-old fetuses of these strains. 17 The higher relative weights and protein contents found in aorta from SHR may reflect a slight hypertrophy for this organ. Specific activity of DNA was higher for aorta from SHR, although cellular hyperplasia was not apparent from DNA content values. A growth abnormality in the aorta of SHR has already been suggested based on observations of higher ornithine decarboxylase activity in cultured aortic smooth muscle cells from SHR when compared with that in WKY. 18 It is not clear whether the observed increase of DNA synthesis for heart and kidney from SHR is a consequence of an intrinsic genetic growth abnormality 19 or due to circulating growth blood factors present in SHR. The concept of circulating growth factors receives support from the demonstration that crosscirculating WKY and SHR results in medial smooth muscle thickening and hypertrophy of the portal veins obtained from the WKY, 20 and also from the development of sustained high blood pressure in genetically normotensive Sprague-Dawley newboms nursed by spontaneously hypertensive foster mothers. 21 In addition, plasma from patients with essential hypertension and from SHR has been shown to contain additional plasma proteins, 22 but there is no evidence indicating that this plasma protein abnormality is in any way associated with a growth abnormality.
There is evidence that SHR have significantly higher mean arterial blood pressures at birth than do WKY.
6 M In addition, results from experimental procedures producing pressure and volume overload in young genetically.normotensive rats 24 -23 showed that the "adaptive" cardiac enlargement was due to muscle and nonmuscle hyperplasia, a phenomenon similar to that observed in newborn SHR. Therefore, it would be misleading to disregard possible trophic influences of altered blood pressure on growth rate in SHR.
It has been hypothesized that cell proliferation and cell differentiation in cardiac muscle may be controlled by adrenergic innervation with norepinephrine and cyclic adenosine 3',5'-monophosphate serving as chemical mediators. 26 Several investigators have suggested that altered sympathetic nerve activity brings about the hypertensive state in SHR. This may be reflected in the altered cardiac index, heart rate, and blood pressure observed in SHR. In addition, adenylate cyclase activity in response to isoproterenol is significantly higher in the heart of newborn SHR than in newborn WKY. 27 Understanding the involvement of cyclic nucleotides with hypertension may shed light on the association between cardiac and renal enlargement and the development of hypertension.
